INTRODUCTION {#s1}
============

Approximately 40% of the globe is at risk of infection by flaviviruses, such as dengue virus (DENV), an enveloped, single-stranded RNA virus transmitted primarily by Aedes aegypti mosquitoes ([@B1], [@B2]). Since severe disease from DENV infections can manifest as dengue hemorrhagic fever/dengue shock syndrome, DENV establishment in the continental United States is a major concern for public health agencies ([@B1]). In the United States, Florida has experienced increases in local DENV transmission since 2009, driven in part by human and pathogen movement ([@B3]). A. aegypti is endemic throughout subtropical Florida, and the vector population has resurged recently, following its near-displacement by A. albopictus ([@B4]). Autochthonous DENV infection occurs sporadically, primarily in southern Florida, with limited local cases elsewhere in the state ([@B3]).

Recently, reports have indicated that certain insect-specific viruses (ISVs) can negatively impact or enhance arbovirus (including DENV) infections in insect cells and mosquitoes ([@B5][@B6][@B7]). Although the impacts of many ISVs on arboviral competence have yet to be determined, the evidence to date clearly indicates that the mosquito virome cannot be ignored and likely influences the risk of autochthonous DENV transmission once the virus is introduced into an area. Therefore, we conducted a metaviromic study of A. aegypti adult F~1~ female (first-generation) mosquitoes raised from eggs collected from ovitraps in 2016 to 2017 from Manatee County to assess the presence of any potentially influential ISVs in local mosquito populations outside southern Florida. Although no indexed human case of DENV4 was reported during 2016 to 2017 in the county, we detected and sequenced DENV4, which was maintained vertically for one generation (since the adults were raised in the laboratory from field-caught A. aegypti eggs), in four mosquito populations from Florida's Gulf Coast. We followed up this unexpected finding with genetic analyses to determine the DENV4 strain's likely location of origin, to assess the time frame of virus introduction, and to investigate strain-specific mutations that may have potentially enabled adaptation to and/or persistence within local mosquito populations.

RESULTS {#s2}
=======

DENV4 and ISVs in A. aegypti mosquitoes from Manatee County, FL. {#s2.1}
----------------------------------------------------------------

Our metaviromic analysis of female A. aegypti mosquitoes detected DENV4 alongside several ISVs in four sites in 2016 and in only the Anna Maria and Cortez sites in 2017 ([Fig. 1](#fig1){ref-type="fig"}). A full DENV4 genome (GenBank accession no. MN192436) was constructed with overall genome coverage of ∼11× across the reads ([Fig. 2](#fig2){ref-type="fig"}). We observed that the 2017 DENV4 signal was much lower than the 2016 DENV4 signal for Anna Maria and Cortez ([Fig. 3](#fig3){ref-type="fig"}; also, see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material), and although Palmetto had the highest proportion of 2016 reads, this signal was virtually absent in 2017. To confirm DENV4 infection, we amplified and confirmed by direct sequencing the NS2A DENV4 amplicon for 2016 Longboat and Palmetto mosquito samples. Cumulatively, the data indicate that the drop in DENV4 signal relative to the "metavirome" from 2016 to 2017 was statistically significant (effect size of −2.026; *P* = 0.035).

![Locations of ovitraps in four different locations in Manatee County. The collection sites include the city's subdivisions of Palmetto, Cortez, Ana Maria Island, and Longboat Key.](mSphere.00316-20-f0001){#fig1}

![Mapping of RNASeq reads on the DENV4 genome. Coverage plots for DENV4 genome readings are shown from top to bottom in the graph panels. Coverage values across the genome for collection site/year combinations are shown as indicated. Coverage is depicted on each y axis and amino acid position on the *x* axes. The smoothed central lines on the graphs indicate median values.](mSphere.00316-20-f0002){#fig2}

![Metaviromic analysis of Aedes aegypti mosquito populations from Manatee County, FL. Relative abundances of the reads corresponding to RNA viruses in the 8 metagenomes are shown. The proportion of the subcomposition is summarized at the species level for most viruses; however, some viruses were classified at higher levels if species could not be determined by the lowest common ancestor method. dsRNA, double-stranded RNA.](mSphere.00316-20-f0003){#fig3}
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RNASeq read-proportion analyses. To analyze the read abundance of the RNASeq assay conducted on the mosquito samples from Manatee County, the ratio of DENV4-mapped reads to the total number of reads mapped for each site and year pool was calculated. The number of reads that mapped specifically to DENV4 was divided by the total number of reads mapped, the resultant values being shown above the bars on the graph. Proportion values are shown on the *y* axis of the graph. Download FIG S1, PDF file, 0.6 MB.
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The Manatee County A. aegypti RNA metavirome profile ([Fig. 3](#fig3){ref-type="fig"}) indicated abundances of *Partitiviridae*, *Anphevirus*, Whidbey virus, and cell fusing agent virus (CFAV). *Partitiviridae* are known to primarily infect plants, protozoa, and fungi, but all the abundant groups in the metavirome have previously been detected in mosquitoes. We noted that the highest levels of CFAV (Anna Maria and Cortez sites) in 2016 were associated with DENV4 persistence into 2017 (*P* = 0.07109; *R*^2^ = 0.7943). Additionally, *Anphevirus* signals were notably abundant in the Palmetto samples in 2016 and 2017, coincident with DENV4 signal loss in Palmetto in 2017.

DENV4 phylogenetic and molecular clock analyses. {#s2.2}
------------------------------------------------

After analyzing the metavirome, we investigated the genome of the DENV4 strain to determine its likely source and to assess the potential time frame of introduction into Florida. Our first analysis confirmed the phylogenetic signal and absence of nucleotide substitution saturation ([Fig. S2](#figS2){ref-type="supplementary-material"}a and b). We subsequently explored Manatee County DENV4's phylogeny with a 234-genome DENV4 data set constructed from GenBank sequences (see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material) by maximum likelihood (ML) phylogenetic inference ([Fig. 4a](#fig4){ref-type="fig"}). The ML phylogeny showed three clades: two Asian clades and one American clade with two Senegalese strains (MF00438; GenBank accession no. [KF907503](https://www.ncbi.nlm.nih.gov/nuccore/KF907503)) and one Thai strain (GenBank accession no. [KM190936](https://www.ncbi.nlm.nih.gov/nuccore/KM190936)) at the base ([Fig. 4a](#fig4){ref-type="fig"}). Manatee County DENV4 can be classified as DENV4 genotype IIb. The DENV4 genome obtained in Florida clustered most closely with two Haitian isolates from 2014 (GenBank accession no. [KT276273](https://www.ncbi.nlm.nih.gov/nuccore/KT276273) and [KP140942](https://www.ncbi.nlm.nih.gov/nuccore/KP140942)) and a cluster of Puerto Rican isolates ([Fig. 4a](#fig4){ref-type="fig"}). Further back in time, a Haitian isolate (GenBank accession no. [JF262782](https://www.ncbi.nlm.nih.gov/nuccore/JF262782)) collected 20 years earlier also clustered with the Manatee County-associated clade ([Fig. 4a](#fig4){ref-type="fig"}).

![Phylogenetic and phylodynamic analyses of Manatee County DENV4. (a) Maximum likelihood phylogenetic analysis of DENV4 full-genome sequences. The ML tree was obtained using IQ-TREE software. Diamonds at splits along the branches indicate strong statistical support along the branches defined by ultrafast bootstrap values of \>90 ([@B34]). Tips are labeled and colored based on country of origin. (b) Bayesian phylodynamic reconstruction of DENV4 genotype IIb strains. The time-scaled phylogenetic maximum clade credibility tree was inferred using relaxed clock and constant demographic priors implemented in BEAST v1.8.4. Circles represent branches supported by posterior probability values of \>0.90. Tips are colored based on location of origin. Node A (time of the most recent common ancestor \[tMRCA\] 2010), node B (tMRCA 1992), and node C (tMRCA 1981) are labeled on the branches. (c) SNVs/read per collection site/year combination of mosquitoes with significant detection by viral RNASeq in comparison to various reference genomes shown as a distance matrix. The total numbers of SNVs were normalized by the total numbers of reads from each sample. Cell values refer to the SNV/read ratios of every sample (columns) compared to every representative sequence (rows). Cells are color coded in the matrix as follows: red, 0.0 SNVs/read; white, 1.5 SNVs/read; blue, \>3 SNVs/read.](mSphere.00316-20-f0004){#fig4}
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Assessment of phylogenetic quality for DENV4 strains. (a and c) Evaluation of the presence of phylogenetic signal satisfying resolved phylogenetic relationships among sequences was performed by likelihood mapping (IQ-TREE: <http://www.iqtree.org/>), which estimates the likelihood of each of the three possible tree topologies for each group of four sequences (quartet) in the data set using the best-fit nucleotide substitution model chosen according to the Bayesian information criterion (BIC). Quartets were considered resolved when the three likelihoods were significantly different (phylogenetic signal) and were considered unresolved, or partially resolved, when two likelihood values or all three likelihood values were not significantly different (phylogenetic noise). Percentages shown within each triangle indicate the proportion of resolved quartets (in the three corner areas) and the proportion of partially resolved (side areas) or unresolved (center) quartets. Extensive simulation studies have shown that side/center areas, including \<40% of the unresolved quartets, can be considered robust in terms of phylogenetic signal (K. Strimmer, A. von Haeseler, Proc Natl Acad Sci U S A 94:6815--6819, 1997, <https://doi.org/10.1073/pnas.94.13.6815>; K. Strimmer, A. von Haeseler, Mol Biol Evol 13:964--969, 1996, <https://doi.org/10.1093/oxfordjournals.molbev.a025664>). (b and d) Substitution saturation, which decreases the phylogenetic information contained in the sequences, was assessed using DAMBE7 (<http://dambe.bio.uottawa.ca/DAMBE/dambe.aspx>) by plotting pairwise nucleotide (blue) transition (s) and (green) transversion (v) substitutions (*y* axis) versus pairwise genetic distances (*x* axis) determined with the Tamura and Nei 1993 (TN93) nucleotide substitution model (K. Tamura, M. Nei, Mol Biol Evol 10:512-526, 1993, <https://doi.org/10.1093/oxfordjournals.molbev.a040023>). Download FIG S2, PDF file, 0.8 MB.
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Molecular clock and demographic prior model testing for phylogenetic analyses. Download Table S1, PDF file, 0.6 MB.
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To estimate the most recent common ancestor (MRCA) for DENV4 entry into Manatee County, FL, as well as the date of divergence of the strain with Haitian isolates, we performed a molecular clock analysis using a Bayesian evolutionary framework on a reduced data set that included only the "Americas clade" ([@B8]). We assessed the phylogenetic signal and the absence of nucleotide substitution saturation ([Fig. S2](#figS2){ref-type="supplementary-material"}c and d) first and then the temporal signal alone ([Fig. S3](#figS3){ref-type="supplementary-material"}). In the maximum clade credibility (MCC) tree, Manatee County DENV4 clustered with the Haitian isolates from 2014 (node A posterior probability \[PP\] \> 0.9) ([Fig. 4b](#fig4){ref-type="fig"}). The MCC phylogeny showed that the time of the MRCA (tMRCA) for the DENV4 Manatee County isolate and Haitian isolates was 2010 (node A in [Fig. 4b](#fig4){ref-type="fig"}). This 95% high posterior density (HPD) interval for this tMRCA suggests that DENV4 may have entered Manatee County sometime between 2006 and 2013. For node B ([Fig. 4b](#fig4){ref-type="fig"}), the tMRCA of 1992 with a 95% HPD interval of 1901 to 1994 indicated that the Manatee County and 2014 Haitian strains diverged from the 1994 Haitian DENV4 (GenBank accession no. [JF262782](https://www.ncbi.nlm.nih.gov/nuccore/JF262782)), almost a decade before its arrival to Florida. However, strain divergence may have occurred in Haiti and was not necessarily precipitated by its introduction into Manatee County. Therefore, the introduction time frame could have been more recent than the estimated tMRCA.
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Assessment of temporal signal for DENV4 strains. The plot represents regression analysis of root-to-tip genetic distances assessed using TempEst v1.5. The positive slope (*R*^2^ = 0.7135) indicates the presence of temporal signal for the dataset. Download FIG S3, PDF file, 0.5 MB.
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DENV4 SNVs/read analyses. {#s2.3}
-------------------------

Next, we examined the Manatee County DENV4 genome sequences to compare strain variations between years and to identify mutations unique to the strain that potentially enabled local adaptation to and/or persistence in local mosquito populations. Following the MCC phylogenetic analysis, site-specific reads from mosquito populations in Manatee County were analyzed for single-nucleotide variations (SNVs) by determining the number of SNVs/read against the Manatee County consensus genome and other global DENV4 genomes ([Fig. 4c](#fig4){ref-type="fig"}). SNV/read values showed only 22 SNVs across the 11,650-nucleotide Manatee County genome against all reads. SNVs were more substantial per read in the other DENV4 genomes. This indicates the likely persistence of a single strain of DENV4 in Manatee County during the 2016--2017 transmission seasons.

Signatures of Manatee County DENV4 adaptation. {#s2.4}
----------------------------------------------

We then explored selective pressures on the Manatee County DENV4 strain's coding sequence that may be functionally important with respect to transmission and persistence of DENV4 in Floridian aegypti. The DENV4 genome has 5′ and 3′ untranslated regions (UTRs) flanking eight protein-coding genes (encoding nonstructural \[NS\] protein 1, NS2A, NS2B, NS3, NS4A, the 2K peptide, NS4B, and NS5) ([Fig. 5a](#fig5){ref-type="fig"}). The protein-coding regions of Manatee County DENV4 were compared to those of four Haitian DENV4 genomes from 1994 to 2015 and a 1981 Senegalese DENV4 genome. These were analyzed for all amino acid substitutions between strains, and analysis of the ratio of nonsynonymous to synonymous evolutionary changes (*dN*/*dS*) was conducted comparing the Senegalese DENV4 genome with the Manatee County DENV4 genome ([Fig. 5a](#fig5){ref-type="fig"}; see also [Table S2](#tabS2){ref-type="supplementary-material"}). The highest proportions of amino acid substitutions were seen in NS2A and the 2K peptide; simultaneously, the highest *dN*/*dS* values occurred for the NS2A gene, to a point of weak positive selection (*dN*/*dS* \> 1) that covered a V1238T mutation discussed further here. We then calculated *dN*/*dS* data for all DENV4 genomes and for genotype II, genotype IIa, and genotype IIb with all sequences available, as well as within the Haiti-Florida and Haiti-Florida-Puerto-Rico clades ([Fig. 5b](#fig5){ref-type="fig"}). Purifying selection, which occurs when nonsynonymous mutations are deleterious, dominated, but we found weaker purifying selection in NS2A and 2K peptide genes, correlating to the Manatee County-to-Senegal *dN*/*dS* analysis conducted previously. Values of *dN*/*dS* for these genes increased relative to those for flanking genes for genotype IIb and Caribbean/Florida-specific groups as well ([Fig. 5b](#fig5){ref-type="fig"}).

![DENV4 amino acid analyses. (a) *dN*/*dS* analysis conducted for the whole coding region of the DENV4 Manatee County genome versus the Senegalese genome from 1981 ([MF004387.1](https://www.ncbi.nlm.nih.gov/nuccore/MF004387.1)). The analysis was conducted utilizing full-genome coding sequences in JCoDA with a sliding window analysis and a window size of 10. A small genome schematic is placed below the graph. Red indicates lower *dN*/*dS* values; orange indicates higher values; color shades between red and orange indicate intermediate values. (b) (Left) Using all available sequences, a *dN*/*dS* comparison was conducted to calculate mean ratio values within DENV4 for all genotypes, DENV4 genotype II, DENV4 genotype IIb, DENV4 Florida-American-Caribbean-specific clades, and DENV4-Florida-Caribbean-specific clades (corresponding to nodes C, B, and A as indicated in [Fig. 4b](#fig4){ref-type="fig"}). (Right) A comparison between all available DENV4 genome sequences, DENV4 genotype II, and DENV4 genotype IIa is depicted. (c) Amino acid sequence alignment of Manatee County (MN192436), Puerto Rican ([AH011951.2](https://www.ncbi.nlm.nih.gov/nuccore/AH011951.2)), Haitian 1994 ([JF262782.1](https://www.ncbi.nlm.nih.gov/nuccore/JF262782)), Haitian 2014 no. 1 ([KP140942.1](https://www.ncbi.nlm.nih.gov/nuccore/KP140942)), Haitian 2014 no. 2 ([KT276273.1](https://www.ncbi.nlm.nih.gov/nuccore/KT276273)), Haitian 2015 ([MK514144.1](https://www.ncbi.nlm.nih.gov/nuccore/MK514144.1)), and 1981 Senegalese ([MF004387.1](https://www.ncbi.nlm.nih.gov/nuccore/MF004387.1)) genome sequences for the NS2A region previously sequenced in Puerto Rican isolate genomes by Bennet et al. ([@B9]). Amino acid positions are numbered at the top of the panel. Key amino acid changes defining the 1998 DENV4 Puerto Rican outbreak in the NS2A gene are highlighted with boxes. The PR 1998 sequence shows some differences from and similarities with the compared sequences for the outbreak's key mutations. (d) A comparison of 2K peptide (colored in gray) sequences between the Manatee County (MN192436), 1994 Haitian ([JF262782.1](https://www.ncbi.nlm.nih.gov/nuccore/JF262782)), Haitian 2014 no. 1 ([KP140942.1](https://www.ncbi.nlm.nih.gov/nuccore/KP140942)), Haitian 2014 no. 2 ([KT276273.1](https://www.ncbi.nlm.nih.gov/nuccore/KT276273)), Haitian 2015 ([MK514144.1](https://www.ncbi.nlm.nih.gov/nuccore/MK514144.1)), and 1981 Senegalese ([MF004387.1](https://www.ncbi.nlm.nih.gov/nuccore/MF004387.1)) genomes. Uncolored portions of the sequences correlate to portions of NS4A and NS4B.](mSphere.00316-20-f0005){#fig5}
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Amino acid differences between Manatee County, Haitian, and Senegal DENV4 genomes. Download Table S2, PDF file, 0.6 MB.
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Next, we further analyzed coding sequences in specific regions of the genome to investigate specific mutations that may have mediated Manatee County DENV4 Floridian entry and persistence. The NS2A gene was analyzed in an alignment comparison between Manatee County (GenBank accession no. MN192436), 1994 Haitian (GenBank accession no. [JF262782.1](https://www.ncbi.nlm.nih.gov/nuccore/JF262782)), 2014 Haitian no. 1 (GenBank accession no. [KP140942.1](https://www.ncbi.nlm.nih.gov/nuccore/KP140942)), 2014 Haitian no. 2 (GenBank accession no. [KT276273.1](https://www.ncbi.nlm.nih.gov/nuccore/KT276273)), 2015 Haitian (GenBank accession no. [MK514144.1](https://www.ncbi.nlm.nih.gov/nuccore/MK514144.1)), and 1981 Senegalese (GenBank accession no. [MF004387.1](https://www.ncbi.nlm.nih.gov/nuccore/MF004387.1)) full genomes and a partial DENV4 genome (GenBank accession no. [AH011951.2](https://www.ncbi.nlm.nih.gov/nuccore/AH011951.2), Puerto Rico, 1998), with the analysis targeting three mutations that defined the 1998 DENV4 Puerto Rican outbreak ([Fig. 5c](#fig5){ref-type="fig"}) ([@B9]). The Manatee County DENV4 sequence shares these key mutations with 1998 Puerto Rico, 2014 Haiti no. 1, and 2015 Haiti genomes. Conversely, the 1981 Senegal sequence and the oldest Haitian sequence from 1994 lack these mutations. In a selective pressure analysis utilizing the aforementioned 234-genome assembly, we observed strong background purifying selection with 143 sites that were found to be under episodic negative/purifying selection within the NS2A gene. Episodic diversifying/positive selection (evolutionarily preferred nonsynonymous mutation) was detected in two sites corresponding to amino acids 1238 and 1333; both residues localized to transmembrane segments of the protein. This makes V1238T a mutation of note corresponding to the previous NS2A-associated analysis, detected in different analyses as a point of possible positive selection. The 2K peptide was next analyzed against the four Haitian genomes and the Senegalese genome from the first NS2A-specific analysis ([Fig. 5d](#fig5){ref-type="fig"}), and we observed that it had the second highest general rate of nonsynonymous mutations and had a peak of weaker purifying selection ([Fig. 5a](#fig5){ref-type="fig"}). There was only one nonsynonymous mutation among the six genomes, which is significant considering the size of the 2K peptide. This was a T2232A mutation present solely in the Manatee County DENV4 sequence.

DENV4 3′ UTR sequence and secondary structure analysis. {#s2.5}
-------------------------------------------------------

To complete our genomic analysis of Manatee County DENV4, we examined the 3′ UTR, as this region and its derivative subgenomic (sRNA) RNA have been implicated in epidemiologic and transmission fitness. Although the DENV4 3′ UTR lacks one of the two flaviviral nuclease-resistant RNAs (fNRs) in domain I compared to other DENV 3′ UTRs (3′ UTRs of DENV serotypes 1 to 3), DENV4 has the same conserved secondary structures in its domain II and domain III: two dumbbells (dumbbell 1 \[DB1\] and DB2) and a 3′-end stem-loop (3′ SL) ([Fig. S4](#figS4){ref-type="supplementary-material"}). The 3′ UTR, through structural conformations, can affect viral replication in hosts ([@B10]). We noted several transition substitutions in the DENV4 IIb lineage prior its arrival in Florida (node B in [Fig. 4b](#fig4){ref-type="fig"} and [Fig. S4b](#figS4){ref-type="supplementary-material"}). Most of these mapped to either the highly variable region (HVR) or the adenine-rich segments that space functional RNA elements in DENV 3′ UTRs ([@B11]). The U10318C substitution in fNR2 (fNR1 present only in other DENV serotypes) and the G10588A substitution on the 3′ SL mapped to base-pairing positions. Manatee County DENV4 also underwent a rare transversion (A10478U) in a conserved position in DB2. This substitution favors formation of a new base pair in the structure of DB2. Additionally, an insertion (10467A) occurred in the adenine-rich segment upstream of DB2; this insertion is common for all lineages.
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DENV4 3′ UTR analyses. (a) Alignment with the 3′ UTR of Manatee County DENV4. The 3′ UTR RNA sequence alignment is of DENV4 from Manatee County, DENV4 Haiti 2014 no. 2 (GenBank accession no. [KT276273.1](https://www.ncbi.nlm.nih.gov/nuccore/KT276273)), and DENV4 Philippines H241 (GenBank accession no. [KR011349.2](https://www.ncbi.nlm.nih.gov/nuccore/KR011349.2)) genomes. The DENV4 RNA sequence alignment was generated with CLC Sequence Viewer 8.0 (<http://resources.qiagenbioinformatics.com/manuals/clcsequenceviewer/current/index.php?manual=Introduction_CLC_Sequence_Viewer.html>). Some conserved DENV4 3′ UTRs are designated in black boxes in the figure, including repeated conserved sequence 2 (RCS2), conserved sequence 1 (CS1), conserved sequence 2 (CS2), and a 3′ upstream AUG region (3′ UAR). Different nucleotides are designated with different colors. (b) A diagram of the secondary structure of the DENV4 Manatee County 3′ UTR is depicted with key nucleotides and mutations highlighted and drawn in orange, correlating to node A or node B from [Fig. 4B](#fig4){ref-type="fig"}. Key secondary structure regions of the 3′ UTR are shown in black text as follows: dumbbell 1 (DB1) and DB2, pseudoknots 1 to 5 (PK1 to PK5), flavivirus nuclease-resistant RNA (fNR2), and the 3′ stem loop (3′ SL). Download FIG S4, PDF file, 0.8 MB.
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DISCUSSION {#s3}
==========

Our metavirome analysis of A. aegypti from Manatee County has revealed potential insight into, and new possible examples of, human arboviruses and ISV relationships in a state prone to autochthonous flavivirus transmission, considered in light of previous research on such interviral relationships. The observed drop in DENV4 relative to the mosquito virome (ISVs) between 2016 and 2017 was statistically significant (*P* = 0.035), opening the possibility that the ISV profile for individual mosquitoes may influence persistence of DENV4 in site-specific mosquito populations within the surveyed area. Note that our analysis was conducted on pools of mosquitoes, which limits the conclusions that can be drawn in this study versus an analysis conducted on individual mosquitoes and interviral dynamics. For example, although *Anphevirus* (described in our analyses) has been shown to reduce DENV titers *in vitro* during coinfections, further analysis performed using individual mosquitoes of this specific dynamic is necessary to fully determine whether *Anphevirus* coinfection (occurring singly or concomitantly with other ISVs) can mediate multigenerational dengue virus persistence in mosquitoes ([@B12]).

With respect to the role of natural infections by insect-specific flaviviruses in the proliferation of pathogenic arboviruses carried by different mosquito vector species, current knowledge is uncertain. A mosquito-specific flavivirus that we detected that is known as cell fusing agent virus (CFAV) is of particular interest. Coinfection studies performed *in vitro* with DENV2 and CFAV resulted in enhanced proliferation in both ([@B13]). The observed correlation between persistence of DENV4 infection into 2017 in Anna Maria and Cortez mosquitoes and CFAV abundance in 2016 ([Fig. 3](#fig3){ref-type="fig"}) may provide an example of the dynamics described previously by Zhang et al., showing the enhanced replication of the two viruses ([@B13]). An important caveat is that the research reported by Zhang et al. was conducted *in vitro*. Conversely, Baidaliuk et al. demonstrated *in vivo* amplification-restrictive interactions between CFAV and DENV1 ([@B7]). How interactions between DENV4 genotype, mosquito genotype, and CFAV genotype ultimately influence the vector competence of Floridian A. aegypti mosquitoes remains to be determined. The observed metavirome patterns set the stage for follow-up studies to characterize the precise nature of ISV-DENV-mosquito interactions *viz.* vector competence.

The absence of an index human DENV4 case does not preclude the possibility that DENV4 was transmitted locally. Up to 88% of primary DENV infections are asymptomatic, with DENV4 being widely understood to cause primarily subclinical infections ([@B14], [@B15]). Importantly, clinically inapparent infections could contribute to 84% of DENV transmission events through mosquitoes, so the threat of local transmission cannot be ruled out ([@B14]). However, it is noteworthy that DENV4 was detected in adult female mosquitoes reared from wild-captured eggs, implicating transovarial transmission (TOT) in local A. aegypti as has been shown for DENV1 in Key West, FL ([@B16]). However, since the DENV4 signal measured in 2017 was lower than that measured in 2016, with two sites losing DENV4 prevalence, if it had played a role in maintaining DENV4 in Manatee County mosquitoes, TOT alone might have been insufficient to maintain DENV4 from 2016 to 2017. At present, vertical transmission remains only a possibility, especially since this phenomenon has not been fully described outside laboratories. Furthermore, we suspect that despite Manatee County DENV4's divergence from Haitian strains sometime between 2006 and 2013, it likely did not enter Manatee County until 2014 or after, given its similarity to the 2014--2015 Haitian DENV4 isolates and the fact that TOT is an inefficient process. A recent review evaluating the influence of TOT in DENV epidemiology concluded that the current body of research suggests that vertical transmission is likely to be insufficient to represent an independent mechanism of DENV maintenance ([@B17]). Tertiary mechanisms, beyond ISV composition profile and TOT, could include inapparent human-mosquito infection cycles during the summer transmission (mosquito) season, which may have also contributed to DENV4 persistence in Manatee County aegypti. The exact mechanisms of maintenance in mosquitoes and proof of local transmission are difficult to elucidate at this juncture, considering that all mosquito samples were processed for rRNA-depleted total RNA sequencing (RNASeq) and reverse-transcription PCR (RT-PCR) (i.e., no live virus can be isolated). Importantly, a comprehensive serological survey with subsequent confirmation by gold-standard neutralization assay of the population from the four sample collection sites was not possible within the estimated mean half-life of detectable anti-DENV4 virion IgM or IgG. This limitation was unavoidable since (i) the complete viral genome assembly and orthogonal confirmation occurred more than 2 years following the initial mosquito collections and (ii) there are significant confounders and logistical obstacles (well outside the current scope of the study) that complicate working with transient worker and migrant communities in the sampled area. However, the data representing complete assembly and persistence over 2 years of an individual strain of DENV4, which is supported by results from orthogonal analytical approaches, remain provocative and reveal an unappreciated ecological process for DENV4 transmission in a nonendemic setting.

Tracking and predicting movement and introduction of arbovirus into the United States, especially into Florida, can potentially lead to proactive efforts for increased monitoring and vector control at critical points of introduction into the state. DENV4 has been reported throughout the Caribbean, especially in Puerto Rico and Haiti and, more recently, in Cuba ([@B18]). Florida has the largest populations of people of Puerto Rican, Haitian, and Cuban origin and descent in the United States, and there are ongoing efforts to develop effective "sentinel" surveillance programs that can prepare Florida to deal with potential local arbovirus transmission. As expected, our analysis suggests a Caribbean origin for the Manatee County isolate due to movements of DENV4 into Florida from Haiti and, preceding that, into Haiti from Puerto Rico. These results agree with previous findings depicting the Caribbean as a hot spot for arboviral spread in the Americas ([@B18][@B19][@B20]). Diversifying selective pressure in the NS2A gene and the 2K peptide ([Fig. 5a](#fig4){ref-type="fig"} and [b](#fig5){ref-type="fig"}) experienced by American/Caribbean DENV4 may have contributed to the fixation of mutations driving the adaptation of DENV4 to local infections of human and mosquito populations. NS2A mutations that characterized the 1998 DENV4 outbreak in Puerto Rico are conserved between the Manatee County, Puerto Rican, and two Haitian genomes (GenBank accession no. [JF262782.1](https://www.ncbi.nlm.nih.gov/nuccore/JF262782) and [KT276273.1](https://www.ncbi.nlm.nih.gov/nuccore/KT276273)) ([Fig. 5c](#fig5){ref-type="fig"}) ([@B9]). The 1981 Senegalese strain, the strain clustering closest to the Manatee County strain isolated outside the Americas ([Fig. 4a](#fig4){ref-type="fig"} and [b](#fig3){ref-type="fig"}), shares none of these mutations with Manatee County DENV4. An in-depth understanding of how putative "hallmark" mutations in arboviruses can lead to increased local aegypti mosquito infections is lacking, compelling further study.

We observed the expected 15-nucleotide deletion (Δ15) in the Manatee County DENV4 3′ UTR (see [Fig. S4](#figS4){ref-type="supplementary-material"} in the supplemental material) that is present across all circulating DENV4 strains but absent from the extinct genotype I DENV4 lineage (GQ868594_Philippines_1956). Since the Δ15 deletion maps to the HVR, it does not alter the secondary structures required for subgenomic flaviviral RNA (sfRNA) production. However, the HVR is an adenylate-rich unfolded spacer with poor sequence conservation---where no reliable secondary structure can be predicted, as our previous analyses suggested ([@B11]). It has been speculated that these spacers favor the correct folding of adjacent functional structured RNA elements. The deletion might change the rate of folding of the downstream functional structured RNA and thus might alter sfRNA production levels. Clearly, a closer molecular exploration of the exact role of this Δ15 deletion is needed.

The potential implications of our findings are intriguing, especially considering that arboviral surveillance of mosquito populations during the extended Florida mosquito season (April to October) is limited. To our knowledge, this is the first reported characterization of a DENV4 infection in native mosquito populations in Florida in the absence of an index human case across 2 years in a specific county. These data highlight the importance of knowing when and where arboviruses are introduced and point to the potential benefit of surveilling local mosquito populations for arbovirus infections prior to an outbreak. Given the increasing number of travel-related arbovirus introductions into Florida alone and the risk of local establishment in the state, we expect that while our report is seminal, it likely represents the tip of the iceberg. Furthermore, in 2019, 16 cases of locally acquired DENV were reported for the state, including an area along the West Central Florida Gulf Coast ([@B21]). Among the 335 travel-associated cases in 2019, DENV1 (*n* = 63), DENV2 (*n* = 235), and DENV3 (*n* = 31) serotypes were identified by PCR from 329 samples. DENV serotypes for the local cases are reasonably predicted to mirror the geographical distribution of serotypes for the travel-associated cases. If these data and our own findings are any indication, the number of "under-the-radar" arbovirus infections of mosquito populations in migration hot spots across the state (and perhaps across other states and regions around the globe) remains significantly underestimated.

MATERIALS AND METHODS {#s4}
=====================

Mosquito sample preparation and viral RNASeq. {#s4.1}
---------------------------------------------

To avoid cross contamination of genetic material by sympatric A. albopictus in the area and to ensure the preparation of sufficient quantities of RNA extracted from only pristine samples of A. aegypti nulliparous females, we elected not to use adult traps. As such, eggs were collected in ovitraps in 2016 and 2017 (15 May 2016 and 19 June 2017) from four Manatee County sites ([Fig. 1](#fig1){ref-type="fig"}). To avoid cross contamination of mosquito viromes, each year eggs from each site were hatched independently in distilled water, reared to adulthood, identified by species, and then frozen. Twenty female mosquitoes were selected from each site, and abdomens were processed as a single pool per site (*n* = 20/pool) for the four collection sites for a total of eight individual pools. Total RNA was extracted using an AllPrep DNA/RNA minikit (Qiagen), and rRNA was depleted using a NEBNext rRNA depletion kit (New England BioLabs). A NEBNext Ultra II directional RNA library preparation kit (New England BioLabs) was used to prepare shotgun metagenomics libraries. Reverse-transcribed RNA libraries were sequenced using a HiSeq 3000 instrument (Illumina) in 2 × 101 run mode. The data were deposited into the NCBI Sequence Read Archive and Biosample archive under BioProject [PRJNA547758](https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA547758).

Initial assembly and metavirome analysis. {#s4.2}
-----------------------------------------

BBduk (version 37.75; <https://sourceforge.net/projects/bbmap/>) was used to trim adaptor sequences and remove contaminants. A. aegypti sequences were removed using BBsplit (<https://sourceforge.net/projects/bbmap/>) and the A. aegypti Liverpool genome (AaegL5.1). Nonmosquito reads were assembled using Spades (3.11.1) in metagenomics mode ([@B22]). For each contig, a local similarity search in protein space was run using Diamond (0.9.17) against the NCBI NR (National Center for Biotechnology Information nonredundant) sequence database ([@B23]). Reads were mapped against assemblies using Bowtie (2.3.4.1) and were then sorted/indexed using Samtools (1.4.1) ([@B24], [@B25]). Megan 6 was used to assign contigs and read counts to the lowest common ancestor (LCA; the lowest common ancestor on a phylogenetic tree if situated vertically, making the LCA the nearest common ancestor) and to view viral contigs ([@B26]). To estimate microbial community abundance, Diamond (0.9.17) was used to search reads against the NCBI NR database, Megan 6 was used to assign read counts to the LCA, and R (3.6.0) package Compositions (1.40-2) was used to create a subcomposition of RNA that was used to quantify RNA virus taxon abundance by site/year (e.g., Palmetto 2016 and Palmetto 2017) from the body of overall compositional RNA data in each site/year data set ([Fig. 3](#fig3){ref-type="fig"}) ([@B23], [@B26], [@B27]). Compositional count data from the Megan LCA classification were assessed by the use of ALDEx2 to estimate the statistical significance of the change in DENV4 reads from 2016 to 2017 ([@B26], [@B28], [@B29]). ALDEx2 uses a Dirichlet multinomial Monte Carlo simulation to estimate the variance of the centered log ratio (CLR) values for taxa among the reads ([@B28], [@B29]). Using the variance of the CLR, ALDEx2 computes *P* values using Welch's *t* test and returns an effect size (CLR/variance) for the estimate ([@B28], [@B29]). For a determination of the statistical significance of the observed decrease in cell fusing agent virus (CFAV) reads from 2016 to 2017, a linear regression fitted to the CLRs of the Anna Maria and Cortez site DENV4 reads in 2016 and 2017 was utilized to yield an *R*^2^ value and a *P* value to describe the trend.

DENV4 refinement and genome-closing assembly. {#s4.3}
---------------------------------------------

Two contigs covering most of the genome with a small gap were obtained. To create a closed genome, a data set of genomes for DENV1, DENV2, DENV3, and DENV4 (GenBank accession no. [NC_001477.1](https://www.ncbi.nlm.nih.gov/nuccore/NC_001477.1), [NC_001474.2](https://www.ncbi.nlm.nih.gov/nuccore/NC_001474.2), [NC_001475.2](https://www.ncbi.nlm.nih.gov/nuccore/NC_001475.2), and [NC_002640.1](https://www.ncbi.nlm.nih.gov/nuccore/NC_002640.1)) and the two assembled contigs were used. We selected reads sharing a 31-mer with the data set using BBduk (<https://sourceforge.net/projects/bbmap/>), followed by assembly with Spades in *meta* mode and classification using Diamond for a complete DENV4 genome ([@B22], [@B23]). Read mapping performed with Bowtie revealed incorrect bases near the 3′ end, which were manually corrected ([@B24]). The genome was annotated using the Genome Annotation Transfer Utility from the Virus Pathogen Database and Analysis Resource (ViPR) ([@B30], [@B31]).

Phylogenetic and molecular clock analyses. {#s4.4}
------------------------------------------

Two hundred thirty-four DENV4 genome sequences from GenBank (see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material) were aligned using MAFFT version 7.407 with the L-INS-I method ([@B32], [@B33]). IQ-TREE software was used to evaluate phylogenetic signal in the genomes by likelihood mapping and to infer maximum likelihood (ML) phylogeny based on the best-fit model according to the Bayesian Information Criterion (BIC) ([@B34][@B35][@B36]). Statistical robustness for internal branching order was assessed by Ultrafast Bootstrap (BB) Approximation (2,000 replicates), and strong statistical support was defined as represented by BB values of \>90% ([@B37]).

To estimate when DENV4 entered Florida, we used 145 strains, including all isolates from the Americas, related Asian and African isolates, and randomly reduced oversampled Brazilian isolates. The strains in this data set were not recombinant, as assessed by scanning the alignments for possible recombination points using the RDP, GENECONV, MaxChi, CHIMAERA, and 3Seq algorithms implemented in RDP4 software (available from <http://web.cbio.uct.ac.za/~darren/rdp.html>) ([@B38]). Determinations of correlations between root-to-tip genetic divergence and date of sampling were conducted to assess clock signal before Bayesian phylodynamic analysis ([@B39]). Time-scaled trees were reconstructed using the Bayesian phylodynamic inference framework in BEAST v.1.8.4 ([@B40], [@B41]). Markov chain Monte Carlo (MCMC) samplers were run for 200/250 million generations to ensure Markov chain mixing, assessed by calculating the [e]{.ul}ffective [s]{.ul}ampling [s]{.ul}ize (ESS) of parameter estimates. The HKY substitution model was used with empirical base frequencies and gamma distributions of site-specific rate heterogeneity ([@B42]). The fit of strict versus relaxed uncorrelated molecular clock models and constant size versus Bayesian Skyline Plot demographic models were tested ([@B8]). Marginal likelihood estimates (MLE) for Bayesian model testing were obtained using path sampling (PS) and stepping-stone sampling (SS) methods ([@B43], [@B44]). The best model consisted of a strict clock and a constant demographic size. The maximum clade credibility tree was inferred from the posterior distribution of trees using TreeAnnotator, specifying a burn-in of 10% and median node heights, and was then edited graphically in FigTree v1.4.4 (<http://tree.bio.ed.ac.uk/software/figtree/>), alongside ggtree, available in R ([@B45]).

Single-nucleotide variation analyses. {#s4.5}
-------------------------------------

The viral RNA sequencing reads were mapped onto the complete genome of seven DENV4 strains. These strains represent all the known DENV4 lineages (accession numbers are provided in [Fig. 4c](#fig4){ref-type="fig"}). We also mapped the reads onto the assembled Manatee County DENV4 full genome. The read mapping was performed using the Geneious platform (Geneious Prime version 2019.2.1) and the "map to reference" function with standard settings (Mapper: Geneious; Sensitivity: Highest Sensitivity/Slow; Fine tuning: Iterate up to 5 times; no trim before mapping). The single-nucleotide variation quantification was performed in the same platform using the "find Variation/SNV" function under default settings.

DENV4 genetic analyses. {#s4.6}
-----------------------

From the alignment of the 234 DENV4 genomes, sequences corresponding to the NS2A gene were extracted to investigate selection pressure and mutations that potentially influenced adaptation to and/or persistence in mosquito populations. Comparative selection and mutation analyses revealed NS2A to be a relatively strong region of potential selection for the Manatee County genome. HyPhy algorithms were used to estimate nonsynonymous (dN) to synonymous (dS) codon substitution rate ratios (ω), with ω values of \<1 indicating purifying/negative selection and ω values of \>1 indicating diversifying/positive selection ([@B46], [@B47]). Fast, unconstrained Bayesian approximation (FUBAR) was used for inferring pervasive selection and the mixed-effects model of evolution (MEME) to identify episodic selection ([@B48], [@B49]). Sites were considered to have experienced diversifying/positive or purifying/negative selective pressure based on posterior probability (PP) values of \>0.90 for FUBAR and likelihood ratio test result of ≤0.05 for MEME.

To elucidate influential mutations in the Manatee County DENV4 genome that potentially enabled persistence in the local mosquito population, a *dN*/*dS* analysis of the Manatee County DENV4 against the closely related but geographically distant 1981 Senegalese DENV4 (GenBank accession no. [MF004387.1](https://www.ncbi.nlm.nih.gov/nuccore/MF004387.1)) was conducted using JCoDA with default settings, a 10-bp sliding window, and a jump value of 5 ([@B50]). To further assess the selective pressure throughout coding sequences in the DENV4 lineage that established transmission in Manatee County, we implemented a [s]{.ul}ingle-[l]{.ul}ikelihood [a]{.ul}ncestor [c]{.ul}ounting (SLAC) method using the DataMonkey 2.0 Web application ([@B51], [@B52]). That application combines maximum likelihood (ML) and counting approaches to infer nonsynonymous (dN) and synonymous (dS) substitution rates on a site-by-site basis for the different DENV4 coding alignments and corresponding DENV4 phylogeny. The measurements were performed on different alignments that included all strains, only genotype II strains, only clade IIa or IIb strains, or only strains that are closely related to the DENV4 Manatee County strain (multiple alignments of DENV4 coding sequences are available as a Mendeley data set). NS2A and 2K peptide genes were individually aligned and inspected in closely related DENV4 strains (1994 Haitian \[[JF262782.1](https://www.ncbi.nlm.nih.gov/nuccore/JF262782)\], 2014 Haitian no. 1 \[[KP140942.1](https://www.ncbi.nlm.nih.gov/nuccore/KP140942)\], 2014 Haitian no. 2 \[[KT276273.1](https://www.ncbi.nlm.nih.gov/nuccore/KT276273)\], 2015 Haitian \[[MK514144.1](https://www.ncbi.nlm.nih.gov/nuccore/MK514144.1)\], and 1981 Senegalese \[[MF004387.1](https://www.ncbi.nlm.nih.gov/nuccore/MF004387.1)\] genomes) and the Manatee County DENV4 strain for mutations to identify possible signals of adaptation of Manatee County DENV4 to Floridian A. aegypti.

Data availability. {#s4.7}
------------------

Viral RNASeq read data are available in the NCBI Sequence Read Archive and Biosample archive under BioProject [PRJNA547758](https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA547758). Genome sequence data for the Manatee County sequence are available in NCBI's GenBank database (GenBank accession no. [MN192436](https://www.ncbi.nlm.nih.gov/nuccore/MN192436)), and reference sequences are available in the GenBank database under the accession numbers provided in the text. Multiple coding DENV4 sequence alignments from the *dN*/*dS* analyses and alignments for the RNA secondary structure model in [Fig. S4](#figS4){ref-type="supplementary-material"} in the supplemental material are available with relevant accession numbers in a Mendeley data set (<https://data.mendeley.com/datasets/kwszjp63rb/draft?a=e11f9b80-bcfb-443b-918d-3016032ef3bd>). The GenBank accession numbers for the sequences compared in the alignments shown in [Fig. 5c](#fig5){ref-type="fig"} and [d](#fig4){ref-type="fig"} are (from top to bottom in panel c and d, excluding [AH011951.2](https://www.ncbi.nlm.nih.gov/nuccore/AH011951.2) in panel d for which sequencing data of the strain is not available in the compared region of the genome) [MN192436](https://www.ncbi.nlm.nih.gov/nuccore/MN192436), [AH011951.2](https://www.ncbi.nlm.nih.gov/nuccore/AH011951.2), [JF262782.1](https://www.ncbi.nlm.nih.gov/nuccore/JF262782), [KP140942.1](https://www.ncbi.nlm.nih.gov/nuccore/KP140942), [KT276273.1](https://www.ncbi.nlm.nih.gov/nuccore/KT276273), [MK514144.1](https://www.ncbi.nlm.nih.gov/nuccore/MK514144.1), and [MF004387.1](https://www.ncbi.nlm.nih.gov/nuccore/MF004387.1).
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